A low-cost synthetic mineral (LCSM) was prepared by mechanochemical treatment of a solid-state mixture containing potassium feldspar, wollastonite, gypsum, limestone and dolomite powder at a molar ration of 1 : 1 : 1 : 6 : 3 and hydration process. The predominant activated mineralogical compositions of LCSM are gehlenite, montmorillonite and zeolites (laumontite and gismondine). The Cd(II) and Pb(II) ion removal behavior of LCSM from natural water was evaluated in batch mode as a function of contact time, pH, temperature, adsorbent dosage and concentration of initial metals. The results indicated that the adsorption process was pH dependent, endothermic and spontaneous. Meanwhile, the adsorption experiment data follows the Freundlich isotherm and the kinetic data best fit the pseudo-second order kinetic model. The maximum adsorption capacity obtained from the Freundlich isotherm at 25 C was 32.8 mg g À1 for Cd(II) and 268 mg g À1 for Pb(II) ions, showing much higher removal capacity than the relevant previous studies. The metal ion removal by LCSM mainly occurs by an ion exchange mechanism, followed by precipitation and adsorption. Further, the adsorbed Cd(II) and Pb(II) on LCSM can hardly be desorbed at pH 3.0 and the desorption rates were even below 20% at pH 2.0, which indicates the excellent stability of LCSM and the heavy metals adsorbed are difficult to release into natural water. Therefore, despite its poor regenerability, LCSM can still be a good alternative adsorbent for removing metal ions from natural water or a soil amendment used for heavy metal immobilization when considering the abundance of low-cost raw materials used for its preparation, its good chemical stability and the amounts of mineral nutrients it contains.
Introduction
Toxic heavy metals such as cadmium and lead are nowadays environmental priority pollutants because of their characteristics of non-biodegradability, persistence and biological accumulation, which lead to public health hazards and environmental degradation.
1,2 Thus, a number of techniques have been employed generally for the elimination of metal ions from aquatic environments including chemical precipitation, solvent extraction, ion-exchange, reverse osmosis or adsorption etc. [3] [4] [5] Among them, ion exchange or adsorption by absorbents has been found to be superior compared to the other techniques for the treatment of natural water contaminated by heavy metals due to its advantages such as exibility and simplicity of design, ease of operation, rapidness, effectiveness, suitability and environment-friendly nature. [4] [5] [6] However, the removal of heavy metals from natural water by universal cation ion exchangers or adsorbents (e.g., activated carbon, zeolite and montmorillonite) can be quite costly because of its extensive need. 7, 8 Therefore, synthesis of some effective and environmentfriendly adsorbents using low-cost raw materials for removing metals is a subject of considerable interest in recent years.
Mineral materials have been recognized as the "Green Material" in 21st century. 9 A number of low-cost and abundant minerals have been extensively used as adsorbents or raw material in the synthesis of effective adsorbents for heavy metal removal from natural water. 5, 10 Previous study has shown that pure montmorillonite with Al and Mg in the octahedral sheet was synthesized in the MgO-Al 2 O 3 -SiO 2 systems at autogenously pressure. 11 Reyes and Fiallo found that illite was successfully transformed into highly crystalline faujasite-type zeolite by fusion with NaOH pellets at 600 C followed by hydrothermal treatment. 12 Meanwhile, clay minerals such as montmorillonite and zeolite are capable of adsorbing heavy metals via cation exchange and formation of inner-sphere complexes through Si-O and Al-O groups. 13 Gehlenite has been reported to be prepared by solid-state reaction of mechanochemically treated mixtures of kaolinite, calcite and aluminum hydroxide at 900 C, also showed high absorption capacity for metal ions. 10 In order to synthesize the above three effective adsorbents by calcination in the CaO-MgO-SiO 2 -Al 2 O 3 system, some low cost and abundant mineral materials such as potassium feldspar and wollastonite in this study were elected as silicon and aluminum source, limestone and dolomite were used to provide some smaller radius of cations such as Ca 2+ and Mg 2+ in order to displace K + in the crystal structure of potassium feldspar, which contributes to higher CEC. The replaced K + can be xed by anions with high electronegativity such as SO 4 2À in gypsum. Moreover, the reaction temperature can also be decreased due to the addition of gypsum.
14 In addition, this synthetic mineral is rich in available K, Ca, Mg and Si, which are essential cations for soil and crops growth.
15 Therefore, this technology will be a kind of environmental protective highefficiency new technology of utilizing mining resources.
In the context of the above, low-cost synthetic mineral (LCSM) in this study was prepared by mechanochemical treatments of a solid-state mixture of potassium feldspar, wollastonite, gypsum, limestone and dolomite and hydration process. Batch experiments were performed to evaluate the inuences of various experimental parameters such as contact time, pH, temperature, adsorbent dosage and initial Cd(II) and Pb(II) concentration on the adsorption of Cd(II) and Pb(II) from aqueous solution. And the kinetics, equilibrium and thermodynamic data of the adsorption process were studied to understand the adsorption behaviors. Finally, the mechanism responsible for heavy metal removal by LCSM was discussed in detail.
Materials and methods

Chemicals and materials
The potassium feldspar was derived from Shandong Province, PR China. The wollastonite, dolomite, gypsum and limestone were procured from Antu County, Jilin Province, PR China. All these raw materials were pulverized by ball milling then passed through a 200 meshes sieve (about 74 mm in diameter). All other chemicals used in this study were of analytical grade. 
Instrumentation and techniques
The mineralogical compositions of LCSM were determined by the X-ray Diffraction (XRD) analysis using an automated diffractometer (DeMax III, Rigaku, Japan) having a Ni ltered Cu Ka radiation. The chemical composition of the LCSM was determined by an X-ray uorescence (XRF) spectrometer (Axios Pw4400, PANalytical, Netherlands gas adsorption isotherm at 77 K using a specic surface area analyzer (Autosorb-1-C/MS, Quantachrome, USA). The elemental composition of LCSM was determined using an X-ray photoelectron spectroscopy (XPS) spectrometer (Axis Ultra DLD-600W, Kratos, UK). The simultaneous Thermogravimetry (TG) and Differential Scanning Calorimetry (DSC) in the temperature range from 25 C to 1000 C were conducted on STA449C, Netzsch, Germany. Its heating atmosphere was air and the heating rate was 10 C min À1 . The pH value of LCSM was measured using PHS-25 type digital pH meter at a water/solid ratio of 50 : 1. The cation exchange capacity (CEC) was measured using the copper complex method 16 for which 0.6 mg of the sample was suspended for 12 h in 25 mL of a 0.01 M ethylene di-amine copper complex (Cu(EDA) 2 Cl 2 ) solution. The mixture was centrifuged and the ltrates was analyzed for the Cu levels by graphite furnace atomic absorption spectrometry (Shimadzu, AA6300C, Japan). 0.2 g of the LCSM was added into a conical ask containing 40 mL of 2% citric acid solution and water, respectively. Subsequently, the conical ask was agitated at 220 rpm on a rotary shaker for 30 min, ltered and the citrate or water-soluble SiO 2 in the ltrates was measured by visible spectrophotometer.
Preparation of adsorbent
All raw materials such as potassium feldspar, wollastonite, gypsum, limestone and dolomite powder were weighed based on a molar ratio of 1 : 1 : 1 : 6 : 3, and added into a blended jar. Aer that, the blended powders were mixed with about 40% w/w water and ball milled for 2 h to allow adequate stirring, drying and calcination for 1 h at a temperature of 1000 C into muffle furnace. Then, the reacted solid phase aer cooling was pulverized and full hydrated with immersion treatment, followed by drying and grounded to 200 meshes. The obtained product was used as a low-cost synthetic mineral (LCSM) for further characterization and adsorption experiment.
Adsorption experiment
The adsorption behavior of Pb(II) and Cd(II) ions onto LCSM was performed in 50 mL polyethylene centrifuge tubes by batch equilibrium method. In a typical experiment, necessary amount of LCSM was added into each polyethylene centrifuge tubes containing 40 mL of Pb(II) and Cd(II) with appropriate concentrations. The solution pH was adjusted by adding drops of 0.1 M HNO 3 and 0.1 M NaOH to a desired pH value when necessary. Subsequently, the contents of the tube was agitated at 220 rpm on a rotary shaker for a desired time, ltered and quantitative analysis of remaining metal concentration in solution using graphite furnace atomic absorption spectrometry (GFAAS). The amount of removed heavy metal was calculated from the difference between initial and nal concentration. Throughout the study, the pH ranges were 1-8 for Cd(II) and 1-7 for Pb(II), and the adsorbent dosage ranges were 2-12 g L À1 for Cd(II) and 0.25-11 g L À1 for Pb(II). All experiments were run in triplicate and the standard deviation was found to be within AE3%. Adsorption kinetics experiments. Different tubes were treated following the general procedure described above and samples were taken at predetermined time intervals ranging from 5 to 120 min at 25 C. The dosage of LCSM was 5 g L À1 and 3 g L À1 for Cd(II) and Pb(II),
respectively. The effect of temperature on adsorption isotherm was conducted under isothermal condition at 25-55 C and the contact time was 30 min.
Desorption experiment
Desorption experiment were performed in an identical manner to the adsorption experiment. Aer the adsorption experiments, the metal-loaded LCSM was mixed with 40 mL of HNO 3 solution at pH 3.0, 2.0, 1.0 and 0.5, respectively. The mixtures were agitated at a speed of 220 rpm on a rotary shaker operating at 25 C for 30 min, and then were centrifuged at 4000 rpm for 10 min. The mixtures were ltered out and analyzed for its metal ion concentrations using GFAAS. The desorption ratio was calculated from the amount of metal ions adsorbed on the LCSM and the nal metal ions concentration in the elutriant.
Results and discussion
Physicochemical properties of adsorbent LCSM
The physicochemical properties of LCSM are also listed in Table 1 . LCSM was found to be white and loose powder with an average particle diameter of 20.3 mm and slightly alkaline nature. The pH and CEC of LCSM was found to be 10. and aluminols (^Al-OH) groups at the surface of LCSM. 17 The water-soluble and citrate-soluble SiO 2 in LCSM was up to 0.66% and 19.8%, respectively, which could remove heavy metal ions from natural water by the formation of silicate precipitate. 18 The presence of activated minerals in LCSM was conrmed through mineralogical composition by XRD analysis ( Fig. 1(A) Fig. 1(B) . It is apparent that the adsorption isotherms, which are obtained as the adsorption amount of gas enhanced with increasing relative pressure, are of type II according to the Brunauer, Deming, Deming and Teller (BDDT) classication.
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The adsorption-desorption isotherms are overlapped at the low relative pressure region (P/ P 0 # 0.40) reveals the existence of some microspores. 20 This result in a H3-type hysteresis loop due to the LCSM comprising lumps and aggregates forming some small pores indicates the mesopores structure of the adsorbent. 21 The BET surface area, pore volume and average pore diameter of LCSM was 24.4 m 2 g À1 , 0.046 cm 3 g À1 and 7.55 nm, respectively.
To investigate the thermal activation process of LCSM, TG-DSC test was conducted and the result is presented in Fig. 2 (1) and (2)) at a lower temperature (about 733 C) with an endothermic reaction shown in DSC curve, which may attributed to CaSO 4 that helps to decrease the decomposing temperature.
14 Consequently, the activation reaction occurred at 1000 C by calcining the mixture of all raw materials, resulting in the precursor of LCSM.
The decomposition of K-feldspar at 1000 C can be described by eqn (3 
Effect of pH
The inuence of solution pH on the removal of Cd(II) and Pb(II) ions using LCSM was studied and the results are presented in Fig. 3 . It was obvious that the removal of LCSM for both metal ions was highly pH dependent and more than 49% of Cd(II) and 86% of Pb(II) was removed at pH 2.0, which exhibited highly efficient removal even at strongly acidic conditions. The maximum removal efficiency was 99.4% for Cd(II) and 98.7% for Pb(II) ions, which was found to be at pH 4.0 and 3.0, respectively. The observed greater uptakes at higher pH were attribute to the fact that the available adsorption sites increases remarkably and the competition between H + and metal ions for the solid activated sites reduces signicantly with increasing pHs. 18 Meanwhile, the negative charge on the LCSM surface increases and hence the electrostatic attraction between LCSM and metal ions becomes more strongly, thus, facilitating higher metal ions uptake. 22 Experiments were not carried out beyond pH 8.0 for Cd(II) and pH 7.0 for Pb(II) to avoid the formation of metal hydroxide precipitates. Therefore, the optimum pH for Cd(II) and Pb(II) removal was selected as 4.0 and 3.0, respectively.
Effect of LCSM dosage
The effect of LCSM dosage on the removal rate of Cd(II) and Pb(II) ions was investigated and the results are shown in Fig. 4 . It This observed trend was attributed to the increased numbers of vacant adsorption sites, enhanced distribution coefficient and more available surface area. 18 However, the removal rates become nearly constant when the LCSM dosage exceeds 5.0 g L À1 for Cd(II) and 3.0 g L
À1
for Pb(II). The result could be due to the interference between binding sites at larger adsorbent amount or insufficiency of metal ions with more effective binding sites. 
Effect of contact time and adsorption kinetics
The effects of contact time on metal ions removal are shown in Fig. 5(A) , showing that the amount of metal ions adsorbed increased considerably with time. The removal rates of Cd(II) and Pb(II) by LCSM were rapid because adsorbates-adsorbent interactions reached equilibrium within 30 min and the removal rate reached about 98%. The rapid initial uptake is probably due to the abundant availability of adsorption sites and the higher concentration gradient that drives fast diffusion of metal ions from solution to the external surface of LCSM.
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However, the further uptake rate dropped gradually due to the limitation of available sites for occupation and the increase electrostatic repulsion between incoming metal ions and adsorbed metal ions. Thus, the contact time of 30 min was selected in the further adsorption experiments. Two kinetic models namely pseudo-rst-order and pseudosecond-order models were used to simulate the experimental data. For the pseudo-rst order model, k 1 and Q e cal can be determined from the slope and intercept of the linear plot of ln(Q e À Q t ) versus t, respectively. For the pseudo-second order model, k 2 and Q e cal values were obtained from the intercept and slope of the plot of t/Q t versus t (Fig. 5(B) ). The comparison between the two kinetic models is presented in Table 2 . The theoretical Q e cal values calculated by the pseudo-second order model were found to closer to the experimental Q e exp values and the correlation coefficients were higher for both metal ions. Therefore, the second-order kinetics model can better describe the adsorption of Cd(II) and Pb(II) ions onto LCSM.
Effect of concentration and adsorption isotherms
To explore the inuences of initial metal ions concentration and temperature on the removal performance, the adsorption isotherms of Cd(II) and Pb(II) onto LCSM obtained at four different temperatures (25, 35 , 45 and 55 C) are illustrated in Fig. 6 . It was apparent that the amount of metal ions adsorbed enhanced with the increase of metal ions concentration until an equilibrium value is achieved. In order to elucidate the removal mechanism, three adsorption isotherms models namely Langmuir, Freundlich and Dubinin-Astakhov (D-A) isotherms models were plotted to t the experimental data and accordingly calculated parameters are summarized in Table 3 . It can be seen from the regression coefficient (R 2 ) values presented in Table 3 that the adsorption isotherms models can well t the adsorption equilibrium data in the following order: Freundlich (0.988 < R 2 < 0.998) > D-A (0.941 < R 2 < 0.988) > Langmuir (0.828 < R 2 < 0.906). Thus, it can be concluded that Cd(II) and Pb(II) adsorption onto LCSM can be determined for multilayer adsorption processes and the surface of LCSM consist of small heterogeneous particles. 25 The n values obtained from the Freundlich isotherm are greater than 1, showing that the adsorption of both metal ions is favorable. The value of E can be served to distinguish the type of removal mechanism, physical (E < 8 kJ mol À1 ) or chemical (8 kJ mol À1 < E < 16 kJ mol À1 ). 26 As seen from Table 3 ) are the amounts of the metal ions adsorbed onto LCSM at equilibrium and at any time (t), k 1 (L min À1 ) and k 2 (g mg À1 min À1 ) are the rate constants of the rst and second order models, respectively. a Q e (mg g À1 ) is the amount of mental ions adsorbed at equilibrium, and C e (mg L À1 ) is concentration at equilibrium. Q 0 (mg g À1 ) and b (L g À1 ) are Langmuir isotherm parameters. K f is a constant relating the adsorption capacity and n is an empirical parameter relating the adsorption intensity. T (K) is the temperature and R (8.314 J mol À1 K À1 ) is the gas constant. E (kJ mol À1 ) is the adsorption energy and N is the heterogeneity parameter.
most other mineral adsorbents. This result reveals that LCSM has great potential for metal ions removal from contaminated water.
Effects of temperature and thermodynamic analysis
Thermodynamic parameters are calculated by Van't Hoff equation and presented in Table 5 . DH and DS were calculated from the slope and intercept of the linear plot of ln K d versus 1/T (Fig. 7) . Gibbs free energy change DG was calculated to be À4.044, À4.182, À4.351 and À4.503 kJ mol À1 for Cd(II) adsorption and À4.027, À4.318, À4.692 and À5.140 kJ mol
À1
for Pb(II) adsorption at 25, 35, 45 and 55 C, respectively.
Negative value of DG over the entire temperature range indicates the feasibility and spontaneity of the reaction for Cd(II) and Pb(II) removal by LCSM. 37 The increase of the absolute values of DG with the increase of temperature (25-55 C) suggests an increased trend in the degree of spontaneity of the metal ions sorption and high temperature is benecial to adsorption of heavy metals. 38, 39 The DH parameter was found to be 0.915 and 7.014 kJ mol À1 for Cd(II) and Pb(II) adsorption, respectively. The positive value of DH indicates the endothermic nature of adsorption and the metal ions removal capacity increased with increasing temperature (see Fig. 6 ), which imply a chemical adsorption process rather than physisorption. 
Desorption performance
In order to prevent the heavy metal adsorbed onto LCSM released into natural water again under the impact of acid rain or acid wastewater, an advanced adsorbent for the metal ions removal should possesses higher removal capability as well as better stability. Fig. 8 shows the Cd(II) and Pb(II) desorption rates with respect to solutions at varied pH values i.e. 3.0, 2.0, 1.0 and 0.5. It can be observed that Cd(II) and Pb(II) desorption Van't Hoff equation: rates enhanced with decreasing of pH. The adsorbed Cd(II) and Pb(II) onto LCSM can hardly be desorbed at pH 3.0 and the desorption rates were even below 20% at pH 2.0, indicating the excellent stability of LCSM and the heavy metal adsorbed can hardly be released again as the pH of natural water is typically higher than 2. But the adsorbed Cd(II) and Pb(II) can be completely desorbed at pH 1.0 and 0.5, respectively. This because the aluminosilicate of cadmium/lead precipitates or other coordination compounds can hardly exist in strong acidic solution, which indicated that LCSM had a poor regenerability because amounts of cations as well as SiO 4 4À in LCSM could be washed off by strong acid elutriant. However, considering the abundance of the low-cost raw materials used for preparation, good stability and amounts of mineral nutrients (see Table 1 ), LCSM can still be a good alternative adsorbent for removing metal ions from natural water or soil amendment used for heavy metal immobilization because of its extensive need.
Mechanism of Cd(II) and Pb(II) ions removal
The SEM micrograph of the LCSM showed irregular lumps and loose aggregates with pores of different sizes and shapes ( Fig. 9(A) ), which was consistent with the deduction obtained from the Freundlich isotherm and H3-type hysteresis loop in the nitrogen adsorption-desorption data. Both internal and external surface of LCSM were lled off with large content of reticulation aer the adsorption of Cd(II), and also with lots of loose ocs and brachyprism aer the adsorption of Pb(II). All of these new appeared shapes depositing on porous LCSM surface could be alumino silicates of cadmium/lead complexes or other coordination compounds.
To investigate the interactions between metal ions and functional groups on LCSM, the XPS analysis of the LCSM before and aer metal ions adsorption were carried out and the resultant survey spectra are given in Fig. 10 . The XPS spectra show the main peaks at around 531.3, 24.7, 438.5, 347.0, 306.5, 284.5, 152.5 and 101.8 eV corresponding to O 1s, O 2s, Ca 2s, Ca 2p, Mg KLL, C 1s, Si 2s and Si 2p, respectively. The binding energies of 404.6, 411.4, 413.4, 137.7 and 142.6 eV were assigned to Cd 3d5/2, Cd 3d3/2, Pb 4d, Pb 4f7/2 and Pb 4f5/2, respectively, which suggests that the Cd(II) and Pb(II) are sorbed at the surface of the LCSM by precipitation or complexation. Meanwhile, it can be observed that the intensity ratios of Mg KLL/C 1s, Ca 2s/C 1s and Ca 2p/C 1s decreased drastically, while the O 1s/C 1s, O 2s/C 1s, Si 2s/C 1s, Si 2p/C 1s, Cd 3d/C 1s and Pb 4f/ C 1s increased signicantly aer the adsorption experiment. Therefore, it can be concluded from desorption and XPS experiments that three kinds of phenomenon namely, ion exchange, adsorption and precipitation exists for Cd(II) and Pb(II) removal by LCSM (see Scheme 1) .
Ion exchange of Cd(II) and Pb(II) for Ca 2+ and Mg 2+ is the primary mechanism for metal ions removal as LCSM has high cation exchange capacity (see Table 1 
On the other hand, heavy metals cannot precipitate below pH 4.0, 41 therefore, the adsorption of heavy metals in acidic solutions can be described by following equation: Fig. 8 Effect of pH on the desorption rates of LCSM for Cd(II) and Pb(II) at 25 C. Fig. 9 The surface morphology evolution of LCSM (A), Cd(II) ion loaded LCSM (B) and Pb(II) ion loaded LCSM (C). 
This process occurs due to the ionization and hydrolysis of surfaces silanol sites (^Si-OH) and aluminols (^Al-OH). 42 In conclusion, removal of metal ions by LCSM occurs mainly by an ion exchange mechanism, followed by precipitation and adsorption.
Conclusion
In this study, LCSM synthesized by a mixture of low-cost mineral materials under heat activation and hydration process, contains gehlenite, montmorillonite and zeolites (laumontite and gismondine), is an efficient adsorbent for the removal of Cd(II) and Pb(II) from natural water. High percentage removal of Cd(II) and Pb(II) ions were found in a wide range of pH and the adsorption process was endothermic and spontaneous, following the Freundlich isotherms. The adsorption equilibrium was attained within 30 min and the kinetic data were better t the pseudo-second order kinetic model. It was found that the mechanism of metal removal is mainly ion exchange, followed by precipitation and adsorption. The maximum removal capacity of LCSM was 32.8 for Cd(II) and 268 mg g À1 for Pb(II) ions inferred from the Freundlich model at 25 C, which showed outstanding capabilities for the removal of Cd(II) and Pb(II) ions. LCSM also possesses excellent chemical stability and the adsorbed Cd(II) and Pb(II) onto LCSM can hardly be desorbed in natural water. Meanwhile, LCSM is rich in available K, Ca, Mg and Si, which are essential cations for soil and crops growth. These results showed that LCSM could be a viable alternative to current costly methods of removing heavy metals from natural water or soil amendment used for heavy metal immobilization, considering its extensive need.
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